Exogenously added ROS (reactive oxygen species) cause generalized oxidation of cellular components, whereas endogenously generated ROS induced by physiological stimuli activate discrete signal transduction pathways. Compartmentation is an important aspect of such pathways, but little is known about its role in redox signalling. We measured the redox states of cytosolic and nuclear Trx1 (thioredoxin-1) and mitochondrial Trx2 (thioredoxin-2) using redox Western blot methodologies during endogenous ROS production induced by EGF (epidermal growth factor) signalling. The glutathione redox state was measured by HPLC. Results showed that only cytosolic Trx1 undergoes significant oxidation. Thus EGF signalling involves subcellular compartmental oxidation of Trx1 in the absence of a generalized cellular oxidation.
INTRODUCTION

ROS (reactive oxygen species), such as H 2 O 2 and O 2
᭹− (superoxide) anion, are generated by numerous toxic reactions and as by-products of oxidative phosphorylation during respiration. Although these reactive species are known to have deleterious effects on macromolecules, they also play a key role in cell signalling processes [1] . These processes are involved in inflammation, cell proliferation, angiogenesis, apoptosis and aging [2] . Quantitative differences in ROS levels are responsible, at least in part, for regulating such events, but selectivity is also likely to involve subcellular compartmentation and variations in specificity of signalling components. Numerous cytokine-and growth-factorinduced signal transduction mechanisms are redox-sensitive, and there is accumulating evidence to suggest that ligand-stimulated ROS generation plays a role in these complex signalling cascades.
Binding of EGF (epidermal growth factor) to its receptor stimulates its tyrosine kinase activity, initiating a phosphorylation cascade that results in the activation of DNA replication and cell division [3] . An increase in H 2 O 2 production accompanies the binding of EGF to its receptor [4] . PI3K (phosphoinositide 3-kinase) activation and subsequent Rac1-mediated induction of NADPH oxidase may also be involved in this process [5] . Specificity in ROS signalling would appear to be necessary; however, there is limited evidence to support specificity in oxidation by ROS or reduction by thiol-disulphide systems.
We have previously devised methodologies for parallel measurement of redox states of the nuclear and cytoplasmic Trx1 (thioredoxin-1) pools and the intracellular GSH pool [6] . While the GSH/GSSG couple provides a major cellular redox buffer, Trxs serve a more specific function in regulating redox-sensitive proteins [7, 8] . Trx1 is a 12 kDa oxidoreductase, which has a highly conserved dithiol motif (-Cys-Gly-Pro-Cys-) at its active site. It is involved in the catalytic function of ribonucleotide reductase and the redox regulation of transcription factors such as NF-κB (nuclear factor κB), AP-1 (activator protein 1) and Nrf2 [9] [10] [11] . Trx1 can localize to both the nucleus and the cytoplasm. Previous studies show that identification of both oxidized and reduced forms of Trx can be achieved through the introduction of negative charges on thiol groups, via reaction with IAA (iodoacetic acid) and separation by native gel electrophoresis [12] . MS analysis established the identity of the fully reduced form and the two oxidized forms of Trx1 [13] . Experiments from other studies demonstrate that the antibody provided equivalent detection of the different redox forms of Trx1 [14] . Trx2 localizes to the mitochondria and shares some sequence identity with Trx1, including the conserved active-site sequence [15] . While Trx2 does appear to interact with mitochondrial ROS, no clear role has been found for it in oxidant-mediated signalling. Methodologies have been established for the detection of in vivo Trx2 redox status [16, 17] .
Our previous studies showed that externally supplied oxidant resulted in the simultaneous oxidation of nuclear Trx1, cytosolic Trx1 and cellular GSH [13] . Recent research has implicated Trxdependent Prxs (peroxiredoxins) in the regulation of signallinginduced hydrogen peroxide [18] . Trx1 has been shown to undergo oxidation in response to EGF [19] ; however, oxidation in subcellular compartments has not been examined. Our present results show that cytosolic Trx1 is oxidized without oxidation of cellular GSH/GSSG, nuclear Trx1 or Trx2. The results therefore show that localized and specific oxidation of Trx1 occurs during ROS signalling in response to EGF stimulation.
Abbreviations used: AMS, 4-acetoamido-4 -maleimidylstilbene-2,2 -disulphonic acid; ASK1, apoptosis signal-regulating kinase-1; DCFH-DA, dichlorofluorescein diacetate; DTT, dithiothreitol; E h , redox potential; E 0 , midpoint potential; EGF, epidermal growth factor; EGFR, EGF receptor; IAA, iodoacetic acid; Prx, peroxiredoxin; ROS, reactive oxygen species; TBS, Tris-buffered saline; Trx, thioredoxin. 1 To whom correspondence should be addressed (email dpjones@emory.edu). [14] . Cell suspensions were incubated on ice for 5 min, followed by the addition of Nonidet P40 (final concentration 0.6 %, v/v). After centrifugation at 12 000 g, the nuclear and cytosolic fractions were separated and analysed by redox Western blotting [13] . [13] . Experimental evidence from our previous studies has established that the immunodetection of carboxymethylated Trx1 under these conditions provides a means to measure Trx1 E h , and that the signals are linear over the range of values analysed [13] . MS techniques were used to unequivocally identify the three redox states of Trx1 [13] . Direct comparisons of immunoblot and Coomassie-Blue-stained gels with pure Trx1 showed that the immunoreactivity of the anti-Trx1 polyclonal antibody is not adversely affected by the carboxymethylation of Trx1 thiol groups [14] . For Trx2 redox analysis, cells were treated with 200 ng/ml EGF for 0-30 min or 0.5 mM tBH (t-butyl hydroperoxide) (Sigma) for 5 min, then were washed once with ice-cold PBS. Cells were precipitated with ice-cold trichloroacetic acid (10 %) for 30 min at 4 • C. Samples were centrifuged at 12 000 g for 10 min, resuspended in 100 % acetone and incubated at 4 • C for 30 min. Following centrifugation at 12 000 g for 10 min, acetone was removed, and protein pellets were dissolved in lysis/derivatization buffer [20 mM Tris/HCl, pH 8, 15 mM AMS (4-acetoamido-4maleimidylstilbene-2,2 -disulphonic acid) (Molecular Probes)] and incubated at room temperature (22 • C) for 3 h. Trx2 redox forms were separated on a SDS/15 % polyacrylamide gel in the presence of non-reducing loading buffer. Immunoblotting was performed as described above, but utilized rabbit anti-Trx2 as the primary antibody. This antibody was obtained by injecting recombinant human Trx2, which lacks the N-terminal mitochondrial localization sequence, into New Zealand White rabbits for antiserum production (Covance, Princeton, NJ, U.S.A.). The purified antibody showed specific binding to human Trx2, but no cross-reactivity with Trx1 by Western blot analysis (results not shown). IRDye TM -800-conjugated anti-rabbit (Rockland Immunochemicals, Gilbertsville, PA, U.S.A.) was used as the secondary antibody. Integrated intensities of oxidized and reduced Trx2 were used with the Nernst equation to calculate E h values with E 0 = − 330 mV at pH 7.6 (mitochondrial pH) and at 25 • C. Purified Trx2 was obtained from Lab Frontiers (Seoul, South Korea). Trx2 was placed in deoxygenated redox buffer (100 mM potassium phosphate buffer and 1 mM EDTA, pH 7.0 or 7.6) containing different concentrations of DTT red (reduced dithiothreitol) and DTT ox (trans-1,2-dithiane-4,5-diol or oxidized DTT). The E 0 for DTT is − 330 mV, and concentrations of DTT red and DTT ox were used to create different E h values ranging from − 270 to − 360 mV. Samples were incubated for 3 h and then derivitized with AMS as described above, resolved by nonreducing SDS/PAGE and stained with Coomassie Blue for protein detection. E 0 values were determined where approx. 50 % of Trx2 was both reduced and oxidized. E 0 values were determined as − 292 mV and − 330 mV at 25 • C at pH 7.0 and 7.6 respectively (results not shown).
EXPERIMENTAL
Cell culture and subcellular fractionation
Measurement of ROS production
Previous studies have demonstrated that the separation of Trx2 redox forms by alkylation with AMS provides a means to measure the in vivo redox state of Trx2 [17] . To validate quantification of the Trx2 redox Western methodology further, we compared immunoblots and Coomassie-Blue-stained gels directly with pure Trx2 and found that the anti-Trx2 polyclonal antibody immunoreactivity is not adversely affected by the alkylation of Trx2 thiol groups. We have verified that immunodetection of the Trx2 redox state was linear over the range of values used for analysis.
Determination of GSH/GSSG redox state
GSH and GSSG were measured by HPLC as S-carboxymethyl N-dansyl derivatives using γ -glutamylglutamate as an internal standard, and E h values were calculated using the Nernst equation 
Statistical analysis
A paired Student's t test was used to compare E h values in control and EGF-treated samples. P < 0.05 was considered to be significant.
RESULTS AND DISCUSSION
Phosphorylation of EGFR and ROS generation occur in EGF-treated human keratinocytes
Using an antibody specific for the Tyr-1068 phosphorylated form of the EGFR, we examined EGFR stimulation for 1 h post-EGF treatment (200 ng/ml) ( Figure 1A ). Activation occurred after 2 min and was maintained over 30 min, decreasing slightly at 60 min. Further verification of EGF stimulation in HaCaT cells was carried out by monitoring the level of ROS output after ligand binding. This was done using a DCF (dichlorofluorescein) assay ( Figure 1B) . A significant increase (17 %) in ROS production in EGF-treated samples was observed. Significant increases in ROS were also seen in H 2 O 2 -treated positive controls. Both the initiation of kinase activity and the production of ROS after EGF stimulation confirm activation of the EGFR in this human keratinocyte cell line.
Redox Western blot analysis of cytoplasmic and nuclear Trx1 and Trx2 pools in EGF-treated keratinocytes
Redox Western analysis was used to determine the relative amounts of reduced and oxidized Trx1 and Trx2 in EGF-treated human keratinocytes. Thiol alkylation by IAA introduces extra negative charges, thereby giving rise to three distinct Trx1 bands: a fully reduced, a one-disulphide and a two-disulphide band [13] . In untreated controls, Trx1 was predominantly in the reduced state in both cytosolic (Figure 2A , 0 min) and nuclear ( Figure 2B , 0 min) fractions. There was a clear difference in the pattern of oxidation of Trx1 between cytoplasm and nucleus in response to EGF. Maximal oxidation occurred after 2 min in the cytoplasm. The oxidized band was observed up to 30 min after treatment in cytoplasmic fractions. The two-disulphide band was only visible in H 2 O 2 -treated positive controls (Figures 2A and 2B) . In contrast with Trx1, which has two dithiol motifs, Trx2 has a single dithiol. Therefore Trx2 produces only two bands in redox Western analysis ( Figure 2C ). Thiol alkylation by AMS caused a mass shift in the reduced form, thereby yielding the reverse redox orientation to IAA-derivatized Trx1. Trx2 did not undergo oxidation in response to EGF signalling during the time frame examined here.
Differential E h values in nuclear Trx1, cytoplasmic Trx1 and GSH pools in response to EGF
Steady-state E h values were calculated using the Nernst equation (see the Experimental section). Cytoplasmic Trx1 showed a E h value of − 283 + − 4 mV in unstimulated HaCaT cells, which is comparable with values obtained in other untreated cell lines [14] . Upon EGF stimulation (200 ng/ml), this pool underwent rapid oxidation of 21 + − 5 mV ( Figure 3A) . Oxidation was sustained, and, by 30 min post-EGF treatment, E h was − 270 + − 4 mV. Nuclear Trx1 ( Figure 3B ) did not show significant oxidation during the EGF time course.
The E 0 for Trx2 is considerably less than that of Trx1 (− 330 mV compared with − 240 mV). Therefore, while redox Western data ( Figure 2 The GSH redox couple did not undergo oxidation during EGF stimulation ( Figure 3D ). In untreated controls, the GSH/GSSG E h was − 264 + − 3 mV and, after 30 min was − 265 + − 4 mV. These GSH/GSSG E h values compare well with values from other studies in unstimulated cells [14, 21] . Thus the data show that only the cytoplasmic Trx1 pool undergoes significant oxidation in response to EGF signalling.
The use of E h values to quantify redox states allows for easy comparison between GSH and Trx1 responses to growth factor signalling. In the present study, we have shown that EGF-induced ROS give rise to significantly different oxidation profiles in the GSH, Trx1 and Trx2 redox pools. Previous investigations have indicated that exposure to an exogenous oxidant causes a significant increase in the E h values of both nuclear and cytoplasmic Trx1 as well as of GSH [14] . The present data show that physiologically derived ROS take part in a very specific signalling mechanism that involves the preferential oxidation of cytoplasmic Trx1 over nuclear Trx1, Trx2 and GSH.
Conclusions
The specific oxidation of cytoplasmic Trx1 by EGF-induced ROS may be brought about by the internalization of the activated EGFR. Many tyrosine kinase receptors become internalized rapidly in endosomal bodies upon activation [22, 23] . However, the relationship between oxidant signalling and receptor endocytosis has not been investigated. If EGF-signalling-induced ROS occurs in these discrete compartments, it may explain the specific oxidation of cytoplasmic Trx1 observed here. A further possibility is that a localized signal in the vicinity of the EGFR at the plasma membrane is responsible for precise compartmented signalling.
There is some evidence that shows that Trx1 is associated with the plasma membrane [24] [25] [26] [27] . Selective oxidation of the cytoplasmic/plasma-membrane-localized Trx1 pool might account for the absence of oxidation in the GSH redox pool.
The distinct pattern of oxidation in each of these antioxidant pools during EGF signalling suggests the involvement of Trx peroxidase or Prx, a family of thiol-specific antioxidant enzymes that are involved in the catalysis of hydroperoxides such as H 2 O 2 and peroxynitrite [28] . Prxs regulate a cellular response to a rapid burst of peroxide during a signalling event [29] . This would account for a sharp oxidation in Trx1, since it is required for the reduction of Prxs upon its oxidation by ROS. Furthermore, it may be that Prxs have greater substrate specificity for growth-factorsignalling-induced ROS than glutathione peroxidase. This would, at least in part, explain the absence of glutathione oxidation that we observed.
The oxidation of cytoplasmic Trx1, as shown in the present study, provides a means for altering various redox-regulated processes during EGF signalling. One potential target for Trx1 is the Akt kinase, which is involved in the promotion of cell survival in response to stress [30] . ROS are capable of causing a decrease in Akt activity [31] . Trx1, due to its recognized role in ROS elimination, could have an impact upon cell survival signalling as well as growth factor signalling. Trx1 has an inhibitory effect on ASK1 (apoptosis signal-regulating kinase-1), a member of the MAPKKK (mitogen-activated protein kinase kinase kinase) family. Interestingly, there is some evidence to suggest that, during oxidative stress, ASK1 activation occurs through both GSHdependent and GSH-independent pathways [32] . Oxidantinduced, Trx1-mediated activation of ASK1 appears to be independent of GSH. This agrees with our finding that ROS signalling and kinase signalling may be linked via specific oxidation of the cytoplasmic Trx1 redox pool.
In conclusion, the present findings show that ROS generation in response to EGF signalling in keratinocytes results in selective oxidation of cytoplasmic Trx1. However, whether this oxidation is simply a reflection of Trx1 oxidation as a consequence of Prxdependent termination of a redox signal, or part of the signalling mechanism itself, remains to be established. Given the evidence for widespread function of Trxs, one may expect that both contribute to redox signalling control. Nonetheless, these results provide the first clear evidence that physiological redox signalling is specifically associated with oxidation of the Trx1 system and not the GSH system.
